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Between 1992 and 1996, the CDF and D0 experiments have collected data samples of 110 pb�1 each of p�p
collisions at

p
s = 1:8 TeV at the Fermilab Tevatron. In the year 2001 the Tevatron commenced p�p collisions

again at
p
s = 1:96 TeV with the goal of delivering an integrated luminosity of 1 fb�1 per year. In the mean time

the CDF and D0 detectors have undergone substantial upgrades which allow for a rich B physics program with
unique capabilities. In this paper we discuss recent results and the B Physics prospects at the Tevatron with 2
fb�1 of data (Run IIa) or 15 fb�1 of data (Run IIa+Run IIb).

1. INTRODUCTION

In this paper we discuss the B Physics
prospects for the CDF and D0 experiments at
the Fermilab Tevatron in Run II. From August
1992 to February 1996, the CDF and D0 detec-
tors collected a data sample of 110 pb�1 each of
p�p collisions at

p
s = 1:8 TeV and we refer to this

period as Run I. The Tevatron commenced p�p
collisions again at

p
s = 1:96 TeV in the Spring

of 2001 with an initial goal of delivering an inte-
grated luminosity of 1 fb�1 per year, correspond-
ing to approximately 1011 b�b pairs produced per
year. This current data taking period is referred
to as Run II. The �rst phase of Run II is expected
to last about three years yeilding a data sample
of 2 fb�1. Ultimately a data sample of approxi-
mately 15 fb�1 is expected to be collected before
the turn-on of the LHC at � 2007.
The main goals of the B Physics program at

CDF and D0 for Run II are to provide preci-
sion measurements of the angles � and  of the
Unitarity Triangle as well as to exploit the B0

s

and B+
c mesons and b baryons which are cur-

rently a unique feature of hadron colliders. CDF
and D0 will also attempt to provide a measure-
ment of the angle � of the Unitarity Triangle.
A precision measurement of B0

s avor oscillations
will be very important for testing the unitarity
of the Cabibbo-Kobayashi-Maskawa (CKM) mix-

ing matrix and the exploration of CP violation
in B0

s decays could manifest Physics beyond the
Standard Model.
This paper is organized as follows. In section

2 we describe the Run II environment; in section
3 we present the prospects for the measurement
of the angles of the Unitarity Triangle and of B0

s

avor oscillations. We also present plans for fur-
ther studies of the B0

s meson as well as studies
of the B+

c system and of rare B decays that are
sensitive to new physics. Finally in section 4 we
present our conclusions.

2. Run II environment

The rate of b�b production at the Tevatron is
considerably high, approximately 100 �b, and
this, together with the fact that all b species are
produced at the Tevatron, makes it a unique place
for the study of b production and decay. Al-
though the b�b production cross section is only one
part per thousand of the inelastic cross section,
the CDF experiment has shown [1] that exclusive
B channels can be succesfully reconstructed in a
harsh hadron environment.
The new crucial accelerator components for

Run II are the Main Injector, a new 150 GeV
accelerator which injects protons and antiprotons
into the Tevatron, and the Recycler which is an
8 GeV ring of permanent magnets which will col-
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lect the antiprotons after a store and re-use them.
The Main Injector has been commissioned suc-
cessfully and is expected to increase the rate of
production of antiprotons by at least a factor of
three above previous rates. The Recycler, to be
used later in the Run, is in the commissioning
phase. Detector issues are driven by the luminos-
ity, the number of bunches and the time between
crossings of the protons and antiprotons. In Run I
the crossing time was 3.5 �s for 6 bunches and the
typical luminosity of order 1031 cm�2sec�1. The
crossing times that are expected in Run II are cur-
rently 396 ns for 36 bunches and later 132 ns for
103 bunches. The corresponding expected typi-
cal luminosities are 0.86 � 1032 cm�2sec�1 and
1-2 � 1032 cm�2sec�1 with peak luminosities of
2.0 � 1032 cm�2sec�1 and 4.0 � 1032 cm�2sec�1

respectively. So far, the typical luminosities are
� 1031 cm�2sec�1.
At CDF [2] and D0[3] the detector changes are

to the tracking systems, to the calorimeters, to
the muon systems, to the front-end electronics
and the trigger electronics. In addition, D0 added
a new 2 Tesla solenoidal superconducting magnet
and CDF improved its particle identi�cation ca-
pabilities.
CDF has constructed a new central wire drift

chamber (COT), which has a drift time that is
reduced by a factor of eight from Run I. dE=dx
information for the tracks is also provided by
the COT. There is also a new 7 layer (8 lay-
ers for 1< j�j <2) silicon system in a barrel ge-
ometry that extends from a radius of r = 1.6
cm from the beam line to r = 28 cm. The
layer closest to the beam pipe is a radiation-hard,
single-sided detector called Layer 00 which em-
ploys recent LHC designs for sensors supporting
high bias-voltages. This enables good signal-to-
noise performance even after extreme radiation
doses. The remaining seven layers are radiation-
hard, double-sided detectors. This system allows
track reconstruction in three dimensions and is
expected to have an impact parameter resolu-
tion better than 30 �m for tracks with transverse
momentum of 1 GeV/c. CDF has also replaced
the gas calorimeters in the pseudorapidity region
j�j � 1.0 with a new scintillating tile calorimeter.
In the muon system some gups are closed in the

azimuthal coverage for j�j � 1.0 and a new muon
system has been built which is covering the region
1.0 � j�j � 1.5. Finally a Time-of-ight (TOF)
detector with expected resolution of 100 ps has
been built which will allow a 2� K/� separation
for track momentum of less than 1.6 GeV/c.
D0 has constructed a new scintillating �ber

tracker and a new silicon vertex detector with 4
barrel layers and disks which extend the track-
ing up to j�j =2.5. New scintillating strip elec-
tromagnetic preshower detectors have been also
built for the central and forward regions to help
with the electron identi�cation. D0 has improved
as well its muon detection system in general, and
has completely rebuilt its forward muon coverage.
To accomodate a 132 ns bunch-crossing time

both experiments have essentially replaced all the
front end electronics. CDF and D0 have had sig-
ni�cant data acquisition and trigger updates as
well.
Both experiments use versions of the SVX read-

out chip. CDF uses un upgraded version of the
SVX chip (dead timeless readout) which allows a
50 kHz bandwidth into the Level 2 vertex trig-
ger. This trigger is crucial for eÆcient trigger-
ing on two body decay modes of the B meson
such as B0 ! �+�� and the B0

s decay modes like
B0
s ! D�

s �
+ and B0

s ! D�
s �

+���+. At CDF,
fast tracking is now available at Level 1 with
the XFT track processor which can �nd tracks
of transvere momentum pT > 1.5 GeV/c with
good momentum and azimuthal resolutions. In-
formation from the silicon detectors is available at
Level 2. The SVT trigger processor [2] associates
clusters formed from axial strips in the silicon de-
tectors with tracks of pT > 2 GeV/c found by the
XFT, providing a measurement of the impact pa-
rameter of the track in the plane transverse to the
beam axis. This way it becomes possible to trig-
ger on tracks originating from the decay of long-
lived b hadrons and therefore coming from ver-
tices di�erent than the primary vertex of the �pp
collision. This allows triggering on \all-hadronic"
decays of b hadrons which are important for B0

s

mixing studies and for the measurement of CP
violation.
In Fig. 1 we show the D+ and D+

s mass distri-
butions based on the two-track trigger selection
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using the SVT at CDF.
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Figure 1. D+ and D+
s mass distribution in 1.05

pb�1 of Run IIa data at CDF.

3. B Physics Expectations for Run II

CDF and D0 will address many important
questions in B Physics in Run II. Many of the
relevant measurements have already been inves-
tigated by CDF using the Run I data. In the
following subsections we summarize some recent
results and the expectations for Run II.

3.1. Measurement of sin(2�)
In the B system the measurements of CP vio-

lation that are related ( without large theoretical
uncertainties) to angles of the Unitarity Trian-
gle are from asymmetries in the decays of neutral
B mesons to CP eigenstates. For the measure-
ment of the angle � the most popular mode is
B0= �B0 ! J= K0

s . CP violation is expected to
manifest itself as an asymmetry in the particle de-

cay rate versus antiparticle decay rate to J= K0
s :

ACP =
N( �B0 ! J= K0

s )�N(B0 ! J= K0
s )

N( �B0 ! J= K0
s ) +N(B0 ! J= K0

s )

where N( �B0 ! J= K0
s ) is the number of mesons

decaying to J= K0
s that were produced as

�B0 and
N(B0 ! J= K0

s ) is the number of mesons de-
caying to J= K0

s that were produced as B0. In
the Standard Model the CP asymmetry in this
decay mode is proportional to sin2�: ACP (t) =
sin2�sin(�mdt), where � is the angle of the Uni-
tarity Triangle and �md is the mass di�erence
between the heavy and light B0 eigenstates. Even
though the time integrated asymmetry can be
used to extract sin2�, measuring the asymmetry
as a function of proper decay time is more advan-
tageous. For the measurement of ACP (t) we need
to reconstruct the decay mode B0= �B0 ! J= K0

s

with good signal-to-background ratio, measure
the proper decay time t and determine whether
the meson that decayed was produced as a B0 or
as �B0. This last component is known as \b avor
tagging". The performance of the b avor tags
can be quanti�ed by their eÆciency � and dilu-
tion D. The eÆciency is the fraction of B candi-
dates to which the avor tag can be applied. The
dilution is related to the probability P that the
tag is correct: D = 2P � 1, that is, a perfect tag
has D = 1 and a random tag has D = 0. The
experimentally measured asymmetry or observed
asymmetry is reduced by the dilution of the tag:
Aobs
CP = DACP . The uncertainty in the asymme-

try is inversely proportional to the square root of
�D2N where N is the number of events before
the avor tagging. The product �D2 is usually
called \avor tag e�ectiveness". The CDF exper-
iment using the entire Run I data of B0= �B0 !
J= K0

s ; J= ! �+�� decays and three tagging
algorithms (same-side tagging, soft-lepton tag-
ging and opposite-side tagging) has found that
sin2� = 0.79 +0:41

�0:44(stat.+syst.) [4]. CDF has re-
cently updated this measurement. The new mea-
surement is based on 402�37 B0= �B0 ! J= K0

s ;
J= ! �+��, K0

s ! �+�� events and 60�19
B0= �B0 !  (2S)K0

s ;  (2S) ! �+��; J= �+��,
K0

s ! �+�� events. In addition, the opposite-
side jet tag has been improved by adding to the
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Figure 3. Ks mass distribution with the D0 de-
tector in � 1 pb�1 of Run IIa data.

The �nal issue related to the extraction of the
angle � from the measured time dependence of
the CP asymmetry is the extraction of possible
penguin contributions, in addition to the tree
level diagrams, requiring theoretical input. As
discussed in reference [7], the decay B0 ! ��0 !
�+���0 provides enough observables to deter-
mine � from an analysis of the time-dependent
three-pion Dalitz plot. This method provides
a promising alternative way to determine sin2�,
however, the reconstruction of low momentum �0

mesons from their decays into two photons will
be very challenging for CDF in Run II.

3.3. Prospects for B0
s � �B0

s mixing
In the Standard Model, B0

s
�B0
s oscillations oc-

cur dominantly through top quark contributions
to the electroweak box diagram. The size of the
mixing is expressed in terms of the parameter xs
which is related to the mass di�erence between
the two mass eigenstates and the average lifetime
of the states by xs = �ms�(B

0
s ). The value of xs

depends on the top quark mass, the Bs decay con-
stant, the QCD bag parameters and corrections
due to the breaking of SU(3) avor symmetry.

A precision measurement of B0
s avor oscilla-

tions, combined with existing measurements of
B0 oscillations, will be very important for testing
the unitarity of the CKM mixing matrix. The
combined world average lower limit in B0

s avor
oscillations [8] is currently �ms > 14.9 ps at 95%
C.L. The currently favoured value of the Standard
Model for xs [9] is in the range 22:55 < xs < 34:11
at 95% C.L. If the value of xs is small, less than
30, then both CDF and D0 can use semileptonic
decay modes to measure the mixing by early 2003.
If the value of xs is signi�cantly greater, then the
exclusive modes will be needed.
The exclusive B0

s decay modes used in such
studies at CDF are B0

s ! D�
s �

+ and B0
s !

D�
s �

+���+ where the D�
s is reconstructed

as ���, K�0K� or K0
sK

�. For the de-
termination of the signal yield it was as-
sumed that BR(D�

s �
+) = (0.30 � 0.04)% and

BR(D�
s �

+���+) = (0.80�0.25)% [5]. The data
collection of B0

s decay modes is based on the
two-track trigger used for the collection of B0 !
�+�� events. CDF expects 75,000 reconstructed
B0
s decays in 2 fb�1 of data using all the above

decay modes. For the extraction of the signals
from combinatorial background CDF estimates a
signal-to-background ratio in the range 1:2 to 2:1
[5].
Layer 00 and TOF play an important role for

the evaluation of the sensitivity to B0
s� �B0

s oscilla-
tions at CDF. The addition of Layer 00 provides
more precise decay length measurements which
improves the proper time resolution from �t =
60 fs to �t = 45 fs. The TOF system is ex-
pected to improve the �D2 avor tag e�ectiveness
from 5.7% to 11.3%. Figure 4 shows the inte-
grated luminosity required to achieve a �ve stan-
dard deviation observation of B0

s � �B0
s mixing for

three di�erent signal-to-background ratios. The
curves shown in the �gure assume that excellent
trigger and reconstruction eÆciency was achieved
and 75,000 reconstructed B0

s decays. They also
assume the excellent proper time resolution and
avor tagging eÆciency CDF is aiming for. The
xs reach is expected to be 74 for S/B=2:1 and 69
for S/B=1:2. Therefore, the expected CDF reach
in Run II covers very well the currently favoured
values of xs within the Standard Model.
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Figure 4. Integrated luminosity required to
achieve a �ve standard deviation observation of
B0
s � �B0

s mixing.

3.4. CP asymmetry in B0
s ! J= �

While the CP asymmetry in B0= �B0 ! J= K0
s

measures the weak phase of the CKM matrix ele-
ment Vtd, the CP asymmetry in B0

s=
�B0
s ! J= �

measures the weak phase of Vts which is expected
to be very small within the Standard Model. Ob-
serving an asymmetry in B0

s=
�B0
s ! J= � would

signal the existence of an anomalous CP violating
phase [7].
On the basis of the Run I experience, CDF ex-

pects that the yield of B0
s ! J= � in Run II will

be about 60% of the B0
s ! J= Ks yield. The a-

vor tagging eÆciency for B0
s ! J= � is expected

to be 9.7% with the TOF detector. An angular
analysis may be necessary to separate the di�er-
ent possible CP eigenstates contributing to this �-
nal state. If we neglect any loss of sensitivity due
to this procedure, with the assumptions stated
above and for xs =25, CDF expects to measure
the CP asymmetry in B0

s ! J= � with a res-
olution of about 0.1 with 2 fb�1. A resolution

between 0.03 and 0.06 is expected with 15 fb�1,
depending on the CP content of the �nal state.
This is close to the Standard Model expectation
of roughly 0.02, allowing for a sensitivity to new
CP -violating physics in this mode.

3.5. Measurement of the angle 
One of the best tools to extract the angle 

are measurements of the time-dependent asym-
metries in B0

s decays. CDF has considered mea-
suring  using the decays B0

s ! D�
s K

+ and
B� ! DK�.
Data for the �rst decay mode will be collected

at CDF with the same two-track trigger as for
B0 ! �+�� and B0

s ! D�
s �

+. In 2 fb�1 of data
CDF expects to have about 850 B0

s ! D�
s K

+

signal events before avor tagging. In order to
estimate the signal-to-background ratio CDF con-
sidered physics backgrounds and combinatorial
background. The main physics background is
from B0

s ! D��
s �+ decays. Studies of Run I

data indicate that the signal to background ratio
should be between 0.5 and 2, not including im-
provements that may be coming from dE=dx and
TOF information and three-dimensional vertex-
ing.
To estimate the CDF reach for sin, Monte

Carlo studies generated pseudo-experiments
which included signal, backgrounds, resolution
smearing as well as mistagging. Each pseudo-
experiment was subjected to a �tter extracting
sin( + Æ) and sin( � Æ) as �t parameters where
Æ is the strong phase. Within the �rst 2 fb�1, the
expected error on sin( � Æ) is around 0.4 to 0.7
depending upon what the backgrounds turn out
to be. With 15 fb�1, an uncertainty near 0.1 may
be achievable.
Another way to extract the CKM angle  had

been originally suggested by Gronau, London and
Wyler [10]. It is based on measuring B� de-
cay rates involving D0= �D0 mesons and requires
the interference between two amplitudes that are
signi�cantly di�erent in magnitude causing the
resulting asymmetries to be small. A re�ne-
ment of this method has been suggested by At-
wood, Dunietz and Soni [11] using decays to �-
nal states that are common to both D0 and �D0

and that are not CP eigenstates. In particular,
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large CP asymmetries can result from the inter-
ference of the decays B� ! K�D0 and B� !
K� �D0 with D0 ! f being a doubly Cabibbo
suppressed decay while �D0 ! f is Cabibbo al-
lowed. The measurement of interference e�ects
in these modes allows the extraction of  without
the knowledge of BR(B� ! K� �D0).
In a preliminary study, CDF has investigated

the two D0 �nal states K��+ and K��+���+.
The B� ! K�D0 data samples would be col-
lected using the two-track hadronic trigger used
for B0 ! �+�� or hadronic B0

s decays. In 2 fb
�1,

100 to 140 events are expected to be recorded for
B� ! K�D0 with D0 ! K��+ and about the
same number for D0 ! K��+���+. The stud-
ies indicate that if the combinatoric backgrounds
can be controlled and if the necessary branching
ratios are known with an uncertainty of 20%, a
resolution on  of � 15Æ could be possible with
15 fb�1.
The angle  can be also measured [1] by relat-

ing the CP violation observables in B0 ! �+��

and B0
s ! K+K� and using U-spin symmetry

to relate the ratio of hadronic matrix elements
for penguin and tree diagrams. Detailed studies
show that by using this technique,  can be mea-
sured to � �10Æ with a four-fold ambiguity in
Run IIa, assuming that sin(2�) is pecisely known
from B0 ! J= K0

s . By allowing 20% SU(3) sym-
metry breaking, the theoretical uncertainty is ex-
pected to be � �3Æ. With 15 fb�1 of data, the
statistical uncertainty should be � �3Æ, making
this a very promising method for measuring .

3.6. B+
c Mesons and Rare B decays

We expect three major contributions to the
B+
c decay width: b ! cW+ with the c as a

spectator, leading to �nal states like J= �+ or
J= `+�; c ! sW+, with the �b as spectator,
leading to �nal states like B0

s �
+ or B0

s `
+�; and

cb!W+ annihilation, leading to �nal states like
DK, � �� or multiple pions. CDF searched for
the decay channels B+

c ! J= �+ � and B+
c !

J= e+ � followed by J= ! �+��. 20:4+6:2
�5:5

events were observed in these decay channels
and the B+

c mass and lifetime were measured to
be 6:40 � 0:39(stat:) � 0:13(syst:) GeV/c2 and
0:46+0:18

�0:16(stat:) � 0:03(syst:) ps respectively[12].

The increase of statistics expected in Run II of
the Tevatron Collider (increase in yield by a fac-
tor of �50 in the J= decay modes for the �rst 2
fb�1), combined with re�nement in technique and
investigation of additional decay channels for the
B+
c meson, should allow CDF to measure the B+

c

mass, lifetime and production cross section with
much better accuracy than the one achieved with
the Run I data. It should also allow to measure
ratios of branching ratios of the B+

c for various de-
cay channels. Let us note here that for CDF the
mass uncertainty from the B+

c hadronic channels
involving a J= is about 8 MeV/c2, to be com-
pared with the 411 MeV/c2 uncertainty achieved
in Run I with the semileptonic decay modes.
Rare B decays provide a stringent test of the

Standard Model for possible new physics e�ects,
such as an anomalous magnetic moment of theW
and the presence of a charged Higgs. Experimen-
tally, these rare decays are accessible at CDF via
the dimuon trigger, which is one of the most im-
portant B physics triggers. CDF has performed
a search for the decay modes B� ! �+��K�,
B0 ! �+��K�0 and B0

d;s ! �+�� [13] using
Run I data. The sensitivity of Run II CDF for
the rare-decay modes Bd(s) ! K�0, �b ! �,
Bd ! �+��K�0 and Bd(s) ! �+�� are:

N(Bd ! K�0) =

(170� 50)�
R
L

2fb�1
� Br(Bd ! K�0)

4:5� 10�5

N(Bs ! K�0) = (12�4)�
R
L

2fb�1
�Br(Bd ! K�0)

4:5� 10�5

N(�b ! �) = (4:0�1:7)�
R
L

2fb�1
�Br(�b ! �)

4:5� 10�5

N(Bd ! K�0��) =

(59� 12)�
R
L

2fb�1
� Br(Bd ! K�0��)

1:5� 10�6

Sensitivity(Bd ! ��) = 3:5� 10�9 � 2fb�1
R
L
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Sensitivity(Bs ! ��) = 1:0� 10�8 � 2fb�1
R
L

CDF expects to observe �440 Bd ! �+��K�0

events with 15 fb�1 with the dimuon plus dis-
placed track trigger. This data will most proba-
bly allow to study both the invariant mass distri-
bution of the dimuon pair as well as the forward-
backward charge asymmetry in the decay. Both
of these distributions are sensitive to physics be-
yond the Standard Model [14].

4. Conclusions

CDF has established a rich and competative B
Physics program in Run I and has shown that the
study of B Physics is possible in a hadron collider
environment. Both CDF and D0 have upgraded
detectors with unique capabilities for B-Physics
measurements in Run II.
The expectations are: measurement of sin2�

with an uncertainty of 0.04 in Run IIa and 0.02 in
Run IIa+IIb; measurement of the CP aymmetry
in the decays B0 ! �+�� and Bs ! K+K�;
measurement of the angle  to better than 10Æ

in Run IIa and to about 3Æ in Run IIa+IIb; a
�ve standard deviation sensitivity for a B0

s � �B0
s

mixing measurement up to about xs = 60 in Run
IIa; measurement of the CP asymmetry in the
decay B0

s ! J= � with about 10% uncertainty
for xs = 25 in Run IIa and between 3% and 6% in
Run IIa+IIb; observation of exclusive B+

c meson
decays; observation of b baryons and of rare B
decays.
With these and other measurements that CDF

and D0 will pursue in Run II, we expect to impose
severe constraints on the Standard Model of weak
quark mixing and CP violation and be sensitive
to new physics.
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